Introduction {#s01}
============

Recent findings that regulation of intracellular hydrostatic pressure facilitates mitotic rounding of adherent cells highlight the mechanical role of osmotic forces in mitosis ([@bib23]). Forces generated by internal osmotic pressure can help cells within confined microenvironments round up, which is known to contribute to the fidelity of chromosome segregation ([@bib16]; [@bib7]). On the other hand, whether and how osmotic regulation of cell volume affects mitosis is poorly understood. Previous studies in normal cells and cancer cells found that the activity of certain ion channels is coupled to mitosis, and cell proliferation is reduced when those ion channels are inhibited ([@bib27]; [@bib11]; [@bib14]). It was predicted that the altered intracellular water content affects the length of mitosis by changing cell physicochemistry such as enzyme rates, signaling, and diffusion of macromolecules. These predictions assume that the osmotic regulation found in mitosis alters cell volume.

Quantitative measurement of a single cell's volume and water content has been challenging, especially during mitosis, when the cell changes its shape. Previous methods computed cell volume from confocal sections of cell boundary detected by the membrane or soluble dyes ([@bib27]; [@bib11]; [@bib5]). However, these methods are prone to error from variation in labeling or artifacts in volume reconstruction. In another approach, atomic force microscopy was used to uniaxially confine a cell so that its volume could be calculated based on diameter and shape ([@bib23]; [@bib9]). Although that method is more direct, it is possible that the mechanical constraints applied could alter cell volume. In this issue, Zlotek-Zlotkiewicz et al. use a fluorescence exclusion method together with quantitative phase microscopy to observe that volume reversibly increases by ≤30%, whereas dry mass remains constant during mitosis for a broad range of adherent and suspended cells.

In this study, we monitored the volume and density of single-suspension cells using a suspended microchannel resonator (SMR). We found that both transformed murine lymphocytic leukemia cell line L1210 and pro--B cell lymphoid cell line FL5.12 exhibited \>10% volume increases during mitosis because of swelling. We demonstrate that the swelling and shrinking are closely associated with specific stages in mitosis, yet are not coupled to nuclear osmolytes released by nuclear envelope breakdown (NEB), chromatin condensation, or cytokinesis. Despite the rapid accumulation of endosomes known to occur in early M phase ([@bib4]), we found that endosome accumulation is not the primary mechanism of swelling. Instead, we show with an inhibition experiment that osmotic water exchange driven by activation of ion exchangers alters cell volume.

Results and discussion {#s02}
======================

Measurement of cell volume, mass, and density during mitosis using SMR {#s03}
----------------------------------------------------------------------

Instead of an optical approach, the SMR uses a mechanical principle to directly measure the buoyant mass of a single cell with extraordinary precision ([@bib6]). When a cell that is lighter or denser than the surrounding fluid passes through the fluid channel embedded in the SMR, the net change in mass alters the resonant frequency, which is linearly proportional to the cell's buoyant mass and inherently independent of its shape ([Fig. 1 A](#fig1){ref-type="fig"}). We demonstrated that by measuring the buoyant mass of the same cell in two fluids of different densities, the volume, mass, and density of the cell could be obtained based on Archimedes' principle ([Fig. 1 B](#fig1){ref-type="fig"}; see Materials and methods; [@bib10]). However, the complexity of fluid control involved in the two-fluid measurement previously limited measurements to only once per cell.

![**Measurement of cell volume, mass, and density during mitosis.** (A) Frequency of the SMR during the measurement of a cell's buoyant mass in two different fluids. The color bars and the illustration of the SMR in the inset indicate the fluid surrounding a cell and the direction of its flow within the SMR (blue, normal medium; magenta, dense medium; FW, forward flow; BW, backward flow). Insets show the shift in SMR frequency upon the passage of the cell. Cell buoyant mass was determined by the height of the two side peaks (see SMR in Materials and methods). (B) Mass, volume, and density can be determined by weighing a cell in two fluids of different density and plotting the linear relationship between buoyant mass and fluid density. For isopycnic growth (from black line to magenta line), the absolute value of buoyant mass increases proportionally. For swelling (from black line to green line), the buoyant mass in the dense medium significantly increases, whereas the buoyant mass in the normal medium remains almost constant. (C) Buoyant mass measured in normal and dense medium and the resulting volume and density of the same cell measured over the complete cell cycle and during mitosis (inset). After division, only one of the daughter cells is retained in the flow trap. (D) Mean trajectory of L1210 cell volume during mitosis. Volume is normalized by the volume at the onset of swelling. The gray area indicates SD. The time is aligned such that the swelling starts at 0 and ends at 1. *n* = 20. See [Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp1} for single-cell data. (E) Magnitude of swelling during mitosis of L1210 (*n* = 20, SEM = 0.42) and FL5.12 (*n* = 6, SEM = 0.92) cells. (F) Duration of swelling during mitosis of L1210 (*n* = 20, SEM = 0.75) and FL5.12 (*n* = 6, SEM = 3.0) cells. See Fig. S2 B for single-cell data.](JCB_201505058_Fig1){#fig1}

Here we combine a fluidic control method that enabled continuous measurement of the same cell ([@bib22]) with the two-fluid measurement to monitor cell volume, mass, and density throughout the cell cycle. In each measurement period (100 s), we kept the cell in the bypass channel containing normal medium for the majority of the time (80 s) and occasionally moved it through the SMR to dense medium (20 s), thereby minimizing shear stress as well as stress from the low nutrient levels in the dense medium ([Fig. 1 A](#fig1){ref-type="fig"}). The geometry of the fluid channels was designed to enhance the mixing of two fluids, which was critical for minimizing background noise. This, combined with the high-precision measurement of buoyant mass enabled by using the second vibration mode of the SMR ([Fig. 1 A](#fig1){ref-type="fig"}, inset; [@bib18]), allowed the volume and density of an L1210 cell to be measured within 1% and 0.03%, respectively, throughout the cell cycle ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp2}). Based on the measurement of a cell's volume, mass, and density, we can observe the change of intracellular water content in nonisopycnic growth ([Fig. 1 B](#fig1){ref-type="fig"}).

Suspension cells reversibly alter internal water content at specific mitotic stages {#s04}
-----------------------------------------------------------------------------------

Observation of cell volume, mass, and density with high precision and temporal resolution revealed the dynamic nature of water regulation that occurs throughout the cell cycle ([Fig. 1 C](#fig1){ref-type="fig"}) and most prominently during M phase ([Fig. 1, C](#fig1){ref-type="fig"} \[inset\] and D). L1210 and FL5.12 cells rapidly increased their volume by 12% and 11%, respectively, within 20 min during early mitosis and completely reversed the increase within 10 min before cell division ([Fig. 1, D--F](#fig1){ref-type="fig"}; and [Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp3}). In contrast to the large change in volume, the buoyant mass measured in normal medium remained constant, indicating that the volume increase is caused by a gain of water and not growth. The magnitude of swelling showed a weak correlation with volume at mitosis entry (Pearson correlation coefficient = 0.53), and its coefficient of variation remained within 0.24 for both cell types ([Fig. 1 E](#fig1){ref-type="fig"}), indicating the robustness of the process.

To determine whether swelling and shrinking are associated with specific stages in mitosis, we used cell-cycle drugs to arrest mitosis in various stages while monitoring a cell's volume ([Fig. 2](#fig2){ref-type="fig"}). We performed confocal imaging of L1210 cells that stably express fluorescently tagged geminin (geminin-mAG) to validate that a given drug arrested the cells at the expected cell-cycle position and that the cells remained healthy during treatment. Geminin is present only from S to early M phases, and we observe that upon NEB, it diffuses from the cell nucleus to the cytoplasm. When combined with chromosome imaging and cell shape, this information enabled us to discern the mitotic cell population for each drug ([Fig. 2, A and B](#fig2){ref-type="fig"}). We then measured the single-cell mass, volume, and density response after drug treatment. When we arrested a cell at the ATR-mediated G~2~ checkpoint using topoisomerase II catalytic inhibitor ICRF-193 ([@bib8]), it continuously grew without showing any swelling and became significantly larger than the mean size at mitosis ([Figs. 2 D](#fig2){ref-type="fig"} S2 C). Next, when we arrested a cell in metaphase using the kinesin inhibitor *S*-trityl-[l]{.smallcaps}-cysteine (STLC) or the microtubule inhibitor nocodazole, the cell exhibited swelling but did not shrink ([Fig. 2 E](#fig2){ref-type="fig"}; Fig. S2, D and E; and [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp4}). Finally, when we inhibited cytokinesis using the myosin II inhibitor blebbistatin, mitotic cells proceeded through both swelling and shrinking but remained spherical in the absence of cytokinesis ([Figs. 2 F](#fig2){ref-type="fig"} and S2 F). These observations unambiguously reveal that cells swell during prophase and pro-metaphase and shrink during anaphase and telophase and that the swelling is not dependent on cytokinesis.

![**Alteration of cell volume is associated with specific mitotic stages.** (A) Confocal images of L1210 cells are used to validate drug-induced arrest in G~2~ or mitosis. Cell-cycle position is determined based on the localization of geminin-mAG, chromatin condensation, and cell shape. BF, bright field. Bar, 10 µm. (B) Proportion of L1210 cells in G~2~ or mitosis 6 h after treatment with various drugs. Cells showing geminin in the nucleus and diffused chromosome are in G~2~ phase; cells showing geminin in the cytoplasm and condensed chromosome are in M phase. The large cells showing diffused chromosome but no geminin are post--M phase. Number of cells measured for DMSO control, 641; 20 ng/ml ICRF, 550; 5 µM STLC, 553; 1 µg/ml nocodazole, 417; and 20 µM blebbistatin, 357. (C) Volume trajectory of a control L1210 cell. (D) L1210 cell treated with 20 ng/ml ICRF-193. The straight line and the dotted lines indicate the mean and SD of cell volume upon mitosis entry based on 20 L1210 cells shown in [Fig. 1 D](#fig1){ref-type="fig"} (see [Fig. S2 C](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp5} for single-cell data). (E) Cell treated with 5 µM STLC (see Fig. S2 \[D and E\] for single-cell data). (F) Cell treated with of 20 µM blebbistatin (see Fig. S2 E for single-cell data).](JCB_201505058_Fig2){#fig2}

Mitotic swelling is not linked to chromatin condensation or passive diffusion of nuclear osmolytes released by NEB {#s05}
------------------------------------------------------------------------------------------------------------------

We sought to determine whether mitotic swelling is coupled to a specific event during mitosis. Given the rapid rate of swelling, it seems plausible that release of osmolytes within the nucleus upon NEB increases cytosolic osmolarity and, in turn, a cell's volume. If swelling is indeed driven by the passive diffusion of nuclear osmolytes, then the duration of swelling should be independent of the length of mitosis, because NEB is a discrete process. However, when we treated a cell with a low dose of Cdk1 inhibitor RO-3306, which slows down the entry of mitosis, the duration of swelling was significantly extended ([Fig. 3, A--C](#fig3){ref-type="fig"}; and Fig. S2 G). Alternatively, we postulated that mitotic swelling is associated with chromatin condensation. To test this, we used ICRF-193 along with caffeine to perturb chromatin condensation while the G~2~--M transition remained unchecked. Cells treated with ICRF-193 showed extended metaphase similar to cells treated with nocodazole or STLC, consistent with previous findings that reduced chromatin condensation can lead to delayed chromosome segregation ([Fig. 3, D and E](#fig3){ref-type="fig"}; and Fig. S2 H; [@bib3]). However, cells treated with ICRF-193 showed a larger magnitude of swelling despite reduced chromosome condensation ([Fig. 3 F](#fig3){ref-type="fig"}). These observations suggest that mitotic swelling is not directly coupled to NEB or chromatin condensation, even though these independent events occur concurrently during normal mitosis.

![**Mitotic swelling is not directly coupled to NEB or chromatin condensation.** (A) L1210 cell treated with 2 µM RO-3306 (see [Fig. S2 G](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp6} for single-cell data). (B) Magnitude of swelling during mitosis of control L1210 cells (*n* = 20, SEM = 0.42) and L1210 cells treated with RO-3306 (*n* = 11, SEM = 0.63, P = 0.074). n.s., not significant. (C) Duration of swelling during mitosis of control L1210 cells (*n* = 20, SEM = 2.3) and L1210 cells treated with RO-3306 (*n* = 11, SEM = 3.85, \*\*\*, P \< 0.001). (D) L1210 cell treated with both 20 ng/ml ICRF-193 and 5 mM caffeine (see Fig. S2 H for single-cell data). (E) Duration of either swelling or the entire mitosis of control L1210 cells (*n* = 20, SEM = 0.75 and 2.30) and L1210 cells treated with 10 µg/ml ICRF-193 and 5 mM caffeine (*n* = 10, SEM = 1.21 and 9.17); \*\*, P = 0.0014; \*\*\*, P \< 0.001. (F) Magnitude of swelling during mitosis of control L1210 cells and L1210 cells treated with ICRF-193 and caffeine (*n* = 10, SEM = 0.83; \*, P = 0.018). P-values were calculated with Welch *t* test.](JCB_201505058_Fig3){#fig3}

Mitotic swelling is driven by osmotic water exchange and not by endocytosis {#s06}
---------------------------------------------------------------------------

It has been suggested that osmotic regulation of hydrostatic pressure during mitosis of adherent cells requires active ion exchange ([@bib23]). To investigate whether the water regulation in mitosis of cells in suspension and adherent cells share the same mechanism, we tested the effect of ion exchangers and endocytosis on mitotic swelling. Among many ion exchangers, the Na-H exchanger is regulated by the RhoA pathway ([@bib13]), which is activated at mitosis entry. Furthermore, the Na-H exchanger is known to play a critical role in regulatory volume increase after hypertonic shrinkage ([@bib2]). We therefore hypothesized that it may be associated with autonomous cell volume increase during mitosis. Indeed, when the Na-H exchanger was inhibited using ethylisopropylamiloride (EIPA), the amount of swelling was significantly reduced ([Fig. 4, A and B](#fig4){ref-type="fig"}; and Fig. S2 I). Alternatively, we wondered whether the rapid accumulation of endosomes known to occur in early M phase ([@bib4]) contributes to mitotic swelling. To test this, we exploited the fact that the buoyant mass change reflects only an exchange of material that is either heavier or lighter than the surrounding fluid. We measured the buoyant mass of an L1210 cell in dense medium only (without switching to normal medium). If swelling were caused by endocytosis of the surrounding fluid, then the buoyant mass would be expected to remain constant ([Fig. 4 C](#fig4){ref-type="fig"}). However, the buoyant mass measurement revealed a trajectory similar to that obtained by the fluidic switching method, in which the cell was exposed to dense medium for only ∼10% of the time ([Fig. 4 D](#fig4){ref-type="fig"}). This result suggests that endocytosis is not the primary mechanism for cell swelling.

![**Mitotic swelling is driven by osmotic water exchange and not by endocytosis.** (A) L1210 cell treated with 5 µM EIPA (see [Fig. S2 I](http://www.jcb.org/cgi/content/full/jcb.201505058/DC1){#supp7} for single-cell data). (B) Control L1210 cells (*n* = 20, SEM = 0.42) and L1210 cells treated with EIPA (*n* = 8, SEM = 0.79; \*\*\*, P \< 0.001). Because the time when cells start to swell is difficult to discern for cells treated with EIPA, the magnitude of shrinking was used instead of swelling. (C) Schematics illustrating two hypotheses of mitotic swelling. When a premitotic cell is suspended in dense medium (light blue), it maintains positive buoyant mass. If a cell swells by internalizing endosomes (light blue circles in the cell), then the buoyant mass remains constant because the internalized medium has the same density as the surrounding medium. If a cell swells by taking up water, its buoyant mass will increase. The gray circle indicates the original cell size before swelling. (D) Buoyant mass of a L1210 cell during mitosis measured only in the dense medium.](JCB_201505058_Fig4){#fig4}

In this issue, we and [@bib29] present independent methods for monitoring single-cell volume and water content and show that mitotic swelling is conserved between adherent cells and cells in suspension. Despite ample evidence that osmotic regulation is critical for mitosis and cell proliferation ([@bib28]), the mechanism by which osmotic regulation influences mitosis is poorly understood. Recent findings that cell rounding is indispensable for efficient chromosome segregation ([@bib16]; [@bib7]) support the idea that osmoregulation provides mechanical force to deform the surrounding microenvironment during cell rounding ([@bib23]; [@bib9]). However, an equally important aspect of osmotic regulation---alterations in cell volume and density---has been unresolved because of a lack of precise measurement of mitotic cell size. Some studies observed cell volume decrease before mitosis in BSC1 monkey kidney epithelial cells and D54-MG glioma cells, and it was argued that the concentrated cytoplasm can promote mitosis by accelerating mitotic signaling through a molecular crowding effect ([@bib11]; [@bib5]). Yet conflicting observations of cell volume increase and swelling during mitosis have been made in HeLa cells and rat pancreatic acinar cells ([@bib24]; [@bib1]). Also, others found that cell division depended on increased cell volume ([@bib17]).

Although part of the discrepancy may be attributed to differences in cell types, the consistent observation of mitotic swelling by Zlotek-Zlotkiewicz et al. (2015) and us in both adherent and suspension cells suggests that it is a conserved element of mitotic events with physiological roles. A larger space created by swelling may assist the rigorous and fast rearrangement of chromosomes during mitosis ([@bib19]), or the diluted state of cytoplasm may facilitate the movement of large macromolecules such as chromosome and microtubules, as well as organelles such as Golgi and mitochondria, which become fragmented during mitosis ([@bib15]; [@bib26]; [@bib25]). Cell swelling may function as part of a mitosis signaling pathway, similarly to the way cell volume increase evokes a range of downstream responses in transepithelial transport, cell migration, and proliferation ([@bib12]). Also, decrowding of the cytoplasm may directly affect the interaction of macromolecules ([@bib28]). Such a global change of biochemical activity is not implausible in mitotic cell physiology, considering the finding that transcription and translation stop during mitosis ([@bib20]).

Materials and methods {#s07}
=====================

SMR {#s08}
---

The principles behind the SMR have been described ([@bib6]). In brief, cells in suspension are transported through the SMR, resulting in a transient shift in resonant frequency. When resonating in the second vibration mode, the SMR generates three peaks as the cell passes through the channel ([@bib18]). The magnitude of the two side peaks is identical and independent of the flow path that a cell takes within the SMR, allowing the buoyant mass to be measured with a precision of 0.8% in normal medium and 1.5% in dense medium (Fig. S1). For the two-fluid switching measurement, dense medium was obtained by adding 30% Opti-Prep (60% iodixanol in water with a density of 1.32 g/ml) to RPMI medium to achieve a density of 1.10 g/ml. Because Opti-Prep is isosmotic, the osmolarity of the dense medium was identical to that of the normal medium. Based on the buoyant mass of a cell measured in two fluids of different density, the volume, mass, and density can be calculated by the following formula:$$m_{b} = m_{c}\left( {1 - \frac{\rho_{f}}{\rho_{c}}} \right),$$where *m~b~* is the buoyant mass, *m~c~* is the absolute mass, *ρ~c~* is the density of a cell, and *ρ~f~* is the fluid density. To measure a cell during mitosis, only cells larger than a certain size were selected and measured until division. Fluidic control was automated using Labview (National Instruments).

Cell culture and drugs {#s09}
----------------------

L1210 and FL5.12 cells were maintained in Leibovitz L-15 medium (Life Technologies) and RPMI medium (Invitrogen), respectively, supplemented with 10% FBS (Life Technologies) and 1% penicillin-streptomycin (Life Technologies). For the small-molecule drug experiments, cells were pretreated in a microwell plate and loaded in the SMR containing the drug. Drug concentrations used were ICRF-193 at 20 ng/ml (for G~2~ arrest) or 10 µg/ml (for inhibition of chromatin condensation), 5 mM caffeine, 1 µg/ml nocodazole, 5 µM STLC, 20 µM blebbistatin, 2 µM RO-3306, and 5 µM EIPA. To determine whether the drugs tested can induce swelling regardless of mitosis, we measured the volume of L1210 cells with a Coulter Counter after 1 h of drug treatment and did not observe a significant increase in median cell volume (Fig. S3 C).

Imaging and image processing {#s10}
----------------------------

L1210 cells that stably express geminin-mAG and Cdt1-mKO2 were imaged with a confocal microscope (Eclipse Ti-U; Nikon) using a spinning disk confocal (CSU-10; Yokogawa) and sCMOS camera (Zyla; Andor). Images were acquired using a 60× objective (CFI Apo TIRF, 1.49 NA, oil; Nikon) and analyzed using ImageJ (National Institute of Science). For the drug experiment, cells were treated for 5 h in a 96-well plate and transferred to a glass-bottom dish (Lab-Tek) 1 h before imaging. All the imaging was done at RT. 1 µM live-cell nuclear dye (DRAQ5; Abcam) was added 30 min before imaging. Expression levels of geminin-mAG and Cdt1-mKO2 were determined by integrating their fluorescent intensity within a cell. Cell cycle was determined by comparing the intensities of geminin-mAG and Cdt1-mKO2 within each cell ([@bib21]).

Data processing {#s11}
---------------

To convert SMR frequency shift to buoyant mass, size-standard polystyrene beads (Bangs Lab) were measured. The buoyant mass, volume, and density trajectories were presented without any filtering. The beginning and end of the swelling and shrinking were detected based on a point-by-point derivative of the cell volume trajectory.

Online supplemental material {#s12}
----------------------------

Fig. S1 shows the measurement error of the SMR in buoyant mass, volume, and density. Fig. S2 shows the single-cell volume trajectory of normal or drug-treated cells during mitosis. Fig. S3 shows mitotic swelling of L1210 cells treated with nocodazole and STLC and the volume of L1210 cells treated with various drugs measured using the Coulter Counter. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201505058/DC1>.
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